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A high temperature isothermal Instrumented Impact resting

apparatus was designed and built and utilized to test a variety of

high performance ceramic materials at temperatures up to 1500°C.

Test specimens were hold on an anvil in the furnace and heated rapidly

to the test temperature. An impacter broke the samples in 3-point

bending, and high speed digital recorders stored the outputs of force

and velocity transducers. The controlled flaw technique was utilized

to obtain the critical stress intensity factor, KC. Hot-pressed

silicon nitride materials containing HgO, CeO2 or ZrO2 sinterinS aids

showed a decrease in 1ZC as the temperature exceeded 13000 C. Hlot-

pressed silicon carbide containing alumina sinterinS aid shoved a

similar decrease. Sintered ct-SiC, on the other hand, showed a grad-

ual increase in 1c at temperatures up to 15009C. Reaction bonded

SIC failed to break at the controlled flaw, but exhibited a drop in

impact fracture force at temperatures approaching the melting point

of silicon.
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INTRODUCTION

Over the years, the need for an understanding of the high tempera-

ture impact fracture behavior of high performance ceramic materials has

become apparent. The possibility of strain rate sensitivity of fracture

strength and fracture toughness should be explored. The present program

was designed to explore the high temperature impact behavior of silicon

nitride and silicon carbide materials, using an instrumented impact

testing apparatus in which the sample was maintained under isothermal

conditions during the impact event. it also was planned originally to

use the double torsion specimen to explore crack growth at high tempera-

tures, but the available testinS machine had too high a compliance to

give reliable results.

The materials which were tested included commercially available

and experimental hot-pressed Si3N , commercially available hot-pressed

and reaction sintered SiC, sintered a-SiC, an experimental reaction

sintered SIC, and SiC-Si3 A composites. It was originally planned to

prepare sinterabla SiC powder in a plasma reactor, since none could be

obtained commercially, but it was determined that this would be infeasi-

ble.

£ZP 2E1MkAL MTHODS

The impact apparatus is shown schematically in Fig. 1 of

Appendix A. It was designed to overcome the major objection to most

previous high temperature impact studies. Specimens in previous studies

were subjected to thermal shock as they were removed from a furnace and

placed on the anvil1, or they contained temperature gradients as a

result of being heated on the anvil by induction coils, flames, or by
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direct heating by passage of electrical current through the speciSn.

Kingery and Pappis 3 avoided thermal shock or gradients, but their

specimens were subjected to repeated increasingly strong blow until

failure occurred. Howver, the possibility of lowered apparent strength

through impact fatigue4 makes the results questionable. More recent

attempts at Instrumented impact studies at high temperature include a

free-fall drop weight method 5 and a three-part furnace which rapidly

6opens as the impact hamer swings toward the specimen

The instrument designed and built for the present study incor-

porates isothermal conditions and full instrumentation to measure force

and velocity during the impact event at controlled impact velocities.

The specimen rested within a small box furnace, heated with molybdenum

disilicide beating elements * Specimens were brought to temperature

over a period of 0.25 to 1.5 hours and impacted in 3-point bending at

impacter velocities of from 10-45 cm/s. A low compliance quartz load

cell" was used to detect the force during impact, and the force signal

was recorded In a high speed digital waveform recordert . The velocity

of the impact body was monitored by a velocity transducerS, and the

velocity signal was also stored on a digital recorder. The outputs of

the recorders were displayed on an oscilloscope and on an X-Y recorder,

and a punched paper tape was generated. The furnace in which most of

Kanthal Corporation, Bethel, Connecticut.

"Kistler Instruments, Sunetrand Data Corp., Redmond, Washington.
tBiomastLon Corporation, COpertino, California.

Trans-Tek, Inc., llington, Connecticut.
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the work was completed was lUnited to 14000 Co A second furnace, capable

of 1600"C, and an improved impacter system was constructed for testing

the sintered a-SIC material.

The velocity of the impact head was controlled by a pulley system

and pneumatic damper, the latter consisting of a metal piston traveling

Inaida a metal cylinder closed at one and, Valves in the closed end

were adjusted to control the amount of air flowing in behind the moving

piston, and thus controlling the drop velocity. A retraction motor con-

trolled by position microawitches withdrew the impact nose from the hot

zone of the furnace in less than one second after impact. Thus the

specimen was maintained completely isothermally during the impact event,

and both the velocity and force during impact were recorded. We are not

aware of another unit that has these capabilities.

A variety of specimens were prepared and tested. Zn order to

gain experience with the apparatus and compare results with previous

work, the first tests were run with a hot pressed Si 314 , namely, NC-132".7

Test bars, 34.5 mu long with a cross section of 3.0 x 3.0 mu, were cut

from the hot-pressed billet and ground through 600 grit SiC powder on a

2-surface lap to insure parallelism of opposite faces. Grinding was

continued until the cross sectional dimensions were constant along the

length to within 0.03 ma. A surface finish of better than 20o In. RMS

was achieved. The controlled flaw technique8 '9 , in which a Knoop diamond

indenter is used to produce an elliptical flaw on the tensile surface of

a beam loaded In 3-point bending, was used. The critical stress intensity

factor, C, was calculated from the dimensions of the flaw, the bem,

SNoton Company, Worcester, Massachusetts.

II
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and the fracture loado Tests were completed at room temperature, 1100P,

1250P, and 140 0 C, in air, at an impacter velocity of about 40 to 45 culSo

Further details are recorded in Appendix A.,

A comm tially available hot-pressed SIC, NC-203", was also eval-

uated In a similar fashion. Preliminary fracture toughness measurements

were made at an Impacter velocity of about 10 cm/s 10 , and later at higher

velocities employing faster heating.11

A coumercially available reaction-sintered SiCNSC-435 **ws

tested, also by similar techniques.
11'12

A number of externally prepared experimental materials were tested.

These included hot-pressed silicon nitride doped with sirconia . and

cora , sintered a-Sido, and an experimental SIALON prepared in the

present program.
7

Plans to work with hot-pressed SiC were frustrated by unavail-

ability of sinterable powder.

Reaction-sintered SIC was prepared using an organic precursor

technique. u112 A 1500-grit SiC powder was mixed with furfuryl alcohol,

which was subsequently polymerized, pyrolized, and reacted with liquid

Si.

The initial work folloed the methods of Bucke13 , using furfuryl

alcohol with or without admixturas of diethyleon. rlycol as a pore-forming

*Norton Company, Worcester, Massachusetts.
Norton Company, Worcester, Massachusetts.

t~arbison-Walker Refractories, Gerber Research Center, Pittsburgh, PA.,

courtesy of Dr. D. Petrack.
*Naval Research Laboratories, Washington, D.C., courtesy of Dr. R. Rice.

Cerbot'undum Company, Niagara Falls, MY.

*Carborundum Company, Niagara Falls, NT.



agent. So furfuryl alcohol was polymerized with p-tolune sulfonic

acid as a catalyst. While Bucks usually worked exclusively with organic

.materialso in the present work the organics were added to the s-SIC

powder. In the latter part of the program, a surfactant was also added

to provide better dispersion of the diethylone glycol in the furfuryl

alcohol.

The typical procedure involved premixing the furfuryl alcohol and

ethylene glycol, then adding the catalyst, and finally, the SIC powder.

Formulations of 70 vol% SIC powder were then die-pressed and the poly-

merization of the furfuryl alcohol was subsequently allowed to proceed

at 150°C. Alternatively, slurries of 30 volt SiC were cast, polymerized

and pyrolized.

Pyrolysis was accomplished during slow hasting with the rate

particularly slow in the range of the major exothermic peaks involving

vaporization of the diethyleme glycol and decompoitio- of the furfuryl

alcohol resin. Nuimmi pyrolysis temperature was typically 900°-1000°C.

The pyrolysis was conducted In flowing nitrogen gas to remove the

products of pyrolysis* It was learned that the subsequent penetration

of liquid silicon could be improved by heating the pyrolyzed samples to

160d*C in vacuum, which tended to open the pores in the amorphous carbon

residue left by pyrolysis.

The final step involved placing the pyrolyzed and high tempera-

ture annealed specimens in contact with liquid Si and heating up to as

high as lSOWC. The resulting specimens consisted of the pre-existing

a-SiCs new S-SIC and residual Si. It was observed that with the

30"vol% liquid specims, dimensional stability was very good, with
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about 2% linear shrinkage from the as-pressed condition to the silicon-

Laed final specimens.

Attempts to hot press SIC and composites of SIC and 81314 were

frustrated through the lack of suitable sinterable SiC powder and also

a serious failure of the hot press which rendered it useless for further

work.

An attempt was made to prepare 8313 4 -SiC-SL composites by

Impregnating silicon nitride* with a furfuryl alcohol-diethylene glycol

mixture followed by polymerization, pyrolysis, and infiltration with

silicon in the manner similar to the reaction sintered SIC methods dis-

cussed above. The SIC yield was Increased by ad-mixing 4 volZ carbon

black with the liquid mixture. Although considerable progress wa made,

the goai of a fully dense composite material was not realized before the

temination of the grant, and no specimens were prepared for fracture

studies.

*SUIJS AND DISUS8ION

Silom- Nitride

The results of the investigation of hot-pressed silicon nitride,

Including NC-132 and experimental compositions, have been reported and

are included as Appendix A and Appendix B. The eost significant result

observed was the 20% drop in tC t 1400°C compared with values at

125°PC and lower. This ts in contrast to the rapid rise in NC at

14O0 observed by others at much lower strain rates. This high strain

rate sensitivity to KI is undoubtedly caused by the viscous intergranu-

lar phase resulting from the HgO sintering aid used in this material.

*AM Materials, Ltd., Sngland.
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The experimental ceria-doped and zirconia-doped silicon nitrides

exhibited a higher KC than the NC-132, but showed a similar decline

with temperature, as shown in Fig. 5 of Appendix S. The carla-doped

material showed the highest strength under Impact loading of any of the

Si 3N4 materials tested.

The experimental SrALOM material contained 80 wt% Si 3N4

and 20 wt7 aluminum oxide*. The powders were mixed in a vibratory

mill and hot-pressed at 1700°C for 4 hours at 25,000 psi in flowing

nitrogen. A density of 3.12 g/cm was measured by immersion. The

critical stress intensity factor was about 2.4 MN/m 3 / 2 at room tempera-

ture, but rose to about 6 from 1100°C to 14000C.

Hot-Pressed Silicon Carbide

Because of the unavailability of sinterable silicon carbide

powder, this part of the work was confined to commercial hot-pressed

SiC, naely, NC-203 . This material has At203 added as a densification

aid, and consists largely of the 6H form of ci-SiC. The density of the

billet tested was 3.32 g/cm3 and the average room temperature flexural

strength was 790 M/m2 , as reported by the supplier.

Test bars were ground on all sides with 10 u and 5 pm boron

carbide powder in a two-surface lapping machine. A 2600 g Knoop micro-

hardness indentation was placed in the tensile surface of each test

*Controlled phase 85 300 mesh, Advanced Mater tie Engineering, Ltd.

**0.3 micron, 99.98%, A. Meller Company, Providence, Rhode Island.

Norton Company, Worcester, Massachusetts.
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bars and the bars were broken at 8000. 10000, 12000, and 1400c in air

at an Impact velocity of about 19 cm/s at elevated temperatures, and

about 10 cm/s at room temperature.

Thete was no trace of non-catastrophic crack growth for any

specimen broken at any temperature. The load trace dropped sharply to

zero within 15 Is8 after fracture initiation. This behavior agrees with

the slow bend tests reported in the literature.

The value of KIC was uniformly higher by about 30% than the data

reported on slow bend tests, reaching 
a maximum value of about 5 Ml/rn/2

at 1000°.1200°C,10 It turned out that this effect was probably due to

oxidation during a rather slow (1.5 hr) heat-up schedule. Later speci-
11

mens that were heated more rapidly did not show 
this elevated KIC.

However, the slow bend tests and both rapidly heated and slowly heated

specimens shoved I values, which were lower at 14000 than at 120000,

probably due to the Influence of the intergranular phase brought about

by the A1203 sintering aid.

Sintering ct-Silicon Carbide

A supply of 1/8" square by 1.5' long polished test bars of

sintered a-SiC was acquired.* These were tested with the controlled

flaw technique at room temperature, 10000, 12000, 13500, and 1500C at

impact ftlocities.ou the order of 15 cm/s.12 The heating rate at

elevated temperatures was rapid, with the fracture temperature being

achieved in the order of 15- 25 minutes, The values of J C averaged

3,4 at room temperature, 3,3 at 1000P, 4.9 at 12000, 4.7 at 13500
. and

5.0 NM/m3/2 at 1500°C. All fractures were completely brittle, with no

*Carborundum Company, Niagara Falls, New York.
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evidence of subcritical crack growth. Data analysis for this material

is still in progress; a preprint will be supplied as quickly as one

becomes available.

Reaction-Sintered Silicon Carbide

The materials tested included commercially available material,

MC-435 and experimental materials prepared as jert of the present

program.

Specimens were cut from the commercial as well as the experimental

materials, and surface flaws were introduced by a Knoo# indenter under

2600 5 load. However, it was discovered that the specimens did not

break at the flaw at elevated temperatures, indicating that the flaw

was healed, so subsequent measurements were made without controlled

flaws.

The microstructure of the experimental material was significantly

improved over the NC-435.11 The latter showed a larger volume fraction

of silicon phase, and moreover, a coarser silicon "particle" size. In

addition, the volume fraction and coarseness of the structure changed

from the interior relative to the surface of the specimens. In the

present material, the "particle" size of the silicon phase was much

smaller and the volume fraction much less, being on the order of

9 to 24%, depending upon the amount of diethylene glycol in the polymer

mix. The best of the present materials showed no measurable open por-

osity, and less than 17. total porosity.

Specimens were cut from the material and teated at temperatures

*Norton Company, Worcester, Massachusetts.
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up to 140d*C at an impact velocity of about 33 cm/s. Because the

samples did not break at the flaw, the impact flexural strength was

obtained, rather than I" MC-435 showed a value of 190 HN/m 2 at room

temperature, with values of 300 at 1000 and 12000 C, 434 at 1300°C, and

135 at 1400°C at an impact velocity of about 38 cm/s. The new material

showed a similar trend,with temperature, but somewhat higher values.

EVALUATION OF IMPACT APPARATUS

The apparatus developed for this study has successfully overcome

the major objections of previous high temperature impact testing methods.

It provides for the sample being under isothermal conditions at the

moment of impact, with no temperature gradients or temperature tran-

sients to influence the results. The design is relatively simple,

reliable, and rugged. The use of molybdenum disilicide heating elements

and an adequate power supply makes it possible to heat specimens to the

impact temperature in 15-20 minutes. Temperatures as high as 16500 have

been reached, but the heating elements began to sag. The practical

limit of the apparatus is 16000C.

Through the use of force and velocity transducers, both the load

exerted on the specimen and the velocity of impact are measured con-

tinuously during the impact event. This allows for determination of

the load-deflection curve, as well as the fracture stress as a function

of impact velocity. Through the use of the controlled flaw technique,

the stress intensity factor, K,, can be calculated from the fracture

force, beam geometry and flaw geometry.

The impact velocity can be varied from less than 10 cm/s to

about 100 cm/s, However, at higher impact rates, in comn with stan-



4dard instrumented Ctarpy tests of brittle mnterials, oscillations in

load are observed during the specimen loading. Silicon nitride materials

showed miniium oscillations at less than 50 c/e, while SiC materials

shoved oscillations unless the impact velocity ws reduced to lees

than about 30 cm/s. These oscillations, If not too extreme, ted to

damp out before the fracture event.

In summary, it is felt that the present apparatus provides a

convenient method of impact testing of smell specimens at temperatures

up to 1600C, and impact velocities from 5 to 100 Cm/s.
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APPENDIX A

Fracture Mechanics of Sintering, Vol. 3, eds. R. C. Bradt,

D.P.H. Hasselman and F. F. Lange, Plenum Press, N.Y. (1978).

IMPACT FRACTURE OF CERAMICS AT HIGH TEMPERATURE

Stephen T. Gonczy and D. Lynn Johnson

Department of Materials Science and Engineering
Northwestern University
Evanston, Illinois 60201

ABSTRACT

Samples of hot-pressed silicon nitride were tested in 3-point
bend impact loading at ambient temperature, 11000C, 1250°C, and
14000C under isothermal conditions. Dynamic stress intensity
factors (KIC) were calculated from the fracture load and the di-
mensions of an induced surface flaw, produced by a Knoop hardness
indenter. Dynamic stress intensities of about 5.25 MN/s3 /2 were
determined for all temperatures up to 12500C. A 20Z drop in KIC
was found at 14000C. This drop in KIt coincides with a change in
the fracture surface at the same temperature, indicating a change
in the micromechanics of fracture at 14000C.

I. INTRODUCTION

The use of ceramics as structural components requires a know-
ledge of their impact proerties at ambient and high temperatures.
Impact studies on aluminay, silicon carbide 2,3,4 , and silicon ni-
tride4'5 have been done with instrumented Charpy or drop-weight
tests. The Charpy-type tests at high temperatures have been
limited by the fact that the specimens have been fractuted under
transient thermal conditions, or at least with thermal gradients
along and through the specimens. The free-fall drop-weight test
fractures the specimen under isothermal conditions; the instrumen-
tation measures the delectiougf the specimen, rather than" the
load exerted on the specimen.'

Recent studies by several investigators6'7'8 have analyzed the
use of a controlled semi-elliptical surface flaw induced on the

95
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496 S. T. GONCZY AND 0. L JOHNSON

tensile side of a ceramic slow bend specimen by a Knoop hardness
indenter with a 2 kg load. The shape and dimensions of the flaw
produced by a given load are reproducible. In accordance with
-fracture theory, the flaw reduces the bend strength of the spect-
men. The use of the induced flaw reduces the scatter of the bend
strengths, normally found among unflawed secimens, caused by the
statistical distribution of natural flaws.? Additionally, the
critical stress intensity factor, KjC, can be evaluated by using
the induced flaw dimensions.

The present investigation was designed to take advantage of
the controlled surface flaws and to break the spectens at con-
trolled impact rates under isothermal conditions.

I. EXPERMENTAL PROCEDURE

Rot-pressed silicon nitride* was cut into test bars 34.5 mm
long with a cross section of 3.0 by 3.0 ma. These bars were pol-
ished on all sides with 600 grit SiC powder on a two-surface
lapping machine. Polishing continued until all visible surface
imperfections were eliminated and until the cross-sectional dimen-
sions were constant along the length to within .03 mm. A surface
finish of better than 20 pinches iMS was achieved.

Using a microhardness tester with a Knoop diamond indenter,
an indentation was centered on the tensile side of each test bar.
The long axis of the indentation was perpendicular to the tensile
stress direction; its length was measured with an optical micro-
scope.

Three-point bend impact loading of the test bars was done at
room temperature, 11000 C, 12500 C, and 14000 C in air in a test sys-
tem shown schematically in Fig. 1. The tensile stresses were in a
plane perpendicular to the hot-pressing direction of the material.
The test beams were held in a notched alumina tube with a bending
span of 29.0 m-_in a furnace heated by molybdenum disilicide resis-
tance heating elements. The temperature was monitored by a thermo-
couple placed viD m directly above the center of the beam. Test
bars were taken from room temperature to test temperature over a
period of 14 hours.

The velocity of the impact head was controlled by a pulley
system and pneumatic damper, consisting of a metal piston travel-
ing inside a metal cylinder closed at one end. Valves in the
closed end were adjusted to control the amount of air flowing in
behind the moving piston, and thus controlling the drop velocity.

NC-132, Norton Co., Worcester, MA.
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Figure 1. Schematic Diagram of Impact System and Furance.

A retraction motor controlled by position microswitches withdravs
the impact nose from the hot zone of the furnace after fracture
occurs. The impact nose enters and leaves the furnace over a
period of less than one second. The impact body is kept aligned
vith the specimen by guides at the top and bottom of the drop path.

A quartz load transducer*, located between the impact nose and
the impact body, monitors the force applied to the test beam. The
velocity of the impact body is monitored by a velocity transducer.t

Kistler lnstrments, Sundstrand Data Corp., Redmond, WA.
tTrans-Tek Inc., Ellington, CT.

I
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Figure 2. Typical Load-Time Trac. for Impact Velocity of 45 cm/s.

The mass of the impact body is 2 kg and is made of brass. The
impact nose is made of a titanium alloy and is 7.5 m in diamet er.

A charge amplifier* is used to coudij~on the force signal.
Two high speed digital waveform recorders store the two signals.
The recorder used for the load signal has 2048 units of 8-bit
memory to record events as short as 409 pss. The recorder used for
the velocity signal has 256 units of 6-bit aemory to record events
as short as 25.6 pa. Both recorders are triggered by the rise of
the load signal to a specified trigger level. The recorders are
operated in a pretrigger mode, which inusres the recording of that
portion of the signal prior to the point at which the recorder is
triggered.

The recorders have both digital and analog outputs. The
stored signals can be observed on an oscilloscope, transferred to
a strip chart recorder for hard analog copy, and transferred to a
Teletype punch unit for hard digital copy.

A typical graph of the load signal for an impact fracture is
shown in Fig. 2. A graph of the corresponding velocity signal is
shown in Fig. 3.

Fracture surfaces were studied by optical microscope using
both polarized and unpolarized light. The surfaces were examined

Kistler Instruments, Sundstrand Data Corp., Redmond, WA.

"Bionation Corp., Cupertino. CA.
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Figure 3. Typical Velocity-Ti.. Trace for Impact Velocity of
45 cm/s.

primarily for characterization of the fracture surface and f or
measurement of the depth of the induced flaw.

Ill. CALCULATION OF 11C

The Knoop hardness indenter introduces a semi-lliptical
surface crack on the tensile side of the bend specimen. This
surface flaw will grow catastrophically when the stress intensity
at the flaw reaches a critical value. According to fracture m-
chanics theory, the stress intensity factor for a semi-elliptical
surface flaw in bending is given by:6'9

a. H o ( vaQ)A =(1

where a is the msjum outer fiber tensile stress, M is a numrical
factor related to flaw and beam geometry, a is the flaw depth, and
Qis given by:6'9

2 2
Q # --0.212 (a/a) (2)

YS

where a is the tensile yield stress and 0.212 (a/a 2 Is a plas-
tic son~scorrection factor. At the loading rates usli in this work,
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this plastic correction factor is ;onsidered negligible. The
value # is the elliptical integral

w/2 c2 " 2

s ro[l 2a sine ]1

which is tabulated in standard mathematical tables; c is the major
axis of the flaw.

The value for X was taken as 1.03 based upon bend tests by
Petrovic et a16 of silieon nitride with similar beam and flaw

geometry.

IV. RESULTS AND DISCUSSION

Analysis of the Load-Time and Velocity-Time Traces

A study of the load-time traces shows that the average time
between the points of initial loading and fracture was approximate-
ly 325 ps for all specimens broken with an impact velocity in the
40-45 rm/s range. The magnitude of the fracture load for all the
specimens was in the range of 300 N and depended upon the cross-
sectional geometry of Individual beans.

The shape of the load-time traces was generally of the form
shown in Fig. 2. Small scale oscillations were seen in some cases.
These oscillations, superimposed on the linear load trace, had a
wavelength of 30-40 ps and a magnitude of less than lo of the
final fracture load. These oscillations are most likely caused by
vibration of the test bean itself umder inertial loading. A second
explanation is stress wave reflections between the tip of the im-
pact nose and the junction of the Impact nose with the load trans-
ducer.

There was no sign of non-catastrophic crack growth for any
specimens broken at any temperature. The load trace dropped sharp-
ly to zero vithin 10 ps after fracture initiation.

The elocity curves were of the form seen in Fig. 3. Impact
velocities were not precisely reproducible between tests, but
ranged between 41 and 45 rm/s. The drops in velocity that occurred
with impact were generally linear, and the duration of the linear
portion agreed within *10% of the duration of the corresponding load
trace. The fact that the velocity transducer is attached to the
upper part of the impact body explains the discrepancies. The
transducer monitors the velocity of the impact body, rather than
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the precise velocity of the impact nose.

Fracture Surfaces and Flaw Size Analysis

The fracture surfaces of all the broken specimens had regions
described by Kirchuer 1 0 as mirror, mist, and hackle. The mirror
is a region of smooth flat surface. It is surrounded by mist,
which is less reflective and stippled. The mist is bordered by
hackle, which is characterized by a rough region of hills and val-
leys. For all specimens the location of the mirror region proved
conclusively that the Knoop flaw was the point at which fracture
started.

The fracture surfaces of specimens broken at room temperature,
1100°C, and 1250C were all similar, shoving mirror, mist and hack-
le. The relative amounts of each region were not markedly differ-
ent between the different temperatures. However, on the specimens
broken at 14000 C virtually no hackle was seen, and the mist region
was smoother and more homogeneous. This change in fracture surface
at 1400 0 C is a possible indication of a change in the mode of frac-
ture propagation; it coincides with the 20Z decrease in critical
stress intensity observed at 14000 C.

A polarizing microscope was used to measure the depth of the
crack beneath the Xnoop flaw. The general location of the flaw on
the fracture surface was known from both the original positioning
of the diamond indenter and the location of the mirror region on
the fracture surface. However, in only 45% of the 27 specimens
broken could the flaw depth be identified and measured with certain-
ty. In 33% of the specimens the flaw could be observed and measured

with only a fair degree of accuracy. In 22% the flaw could not be
identified at all. This difficulty in identification and measure-
ment was partially caused by oxidation of the fracture surface af-
ter fracture. There was also pick-up of alumina fiber furnace

insulation, when the specimen struck the furnace walls while re-
bounding from the impact nose. In some cases the oxidation and
alumina totally obscured the portion of the test beam on which the
Knoop flaw was located.

The flaw itself, even when the fracture surface was clean, was
not always identifiable under either polarized light or unpolarized
light. On other specimens the flaw was easily located and measured;
all identifiable flaws were clearly elliptical in shape. Figure 4
shows the average flaw dimensions for Knoop indentation loads of
2 kg and 21 kg. Similar data from Petrovic et a1 6 for NC-132 sili-
con nitride is in good agreement.

For those specimens broken at high temperature, there was no
sign of slow qrack growth. All identifiable Knoop flaws were of
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Figure 4. Flaw Dimensions vs Knoop Load for NC-132 Silicon Nitride
(Error Bars Indicate Standard Deviation)

the same general dimensions as the flaws on the specimens broken
at room temperature. Petrovic observed in his bend tests of HS-130
silicon nitride that the flaw grew at all tests above 1200PC using
a cross-head speed of .01 cm/win. On tests at 13000 C the flaw grew
approximately 10 times its initial size before catastrophic failure.
They also noted that at 13000 C the amonmt of slow crack growth de-
creased with increasing cross-head speed. The fastest cross-head
speed used by Petrovic et al was .5 cm/win. With the present im-
pact velocity of about 2500 cm/min, the lack of any signs of slow
crack growth at high temperatures is consistent with theory.

The fracture surfaces showed no sign of Hertzian-type damage.
In many cases, however, there was secondary cracking on the flawed
side of the specimen. No study was made of the character or causes
of these secondary cracks.
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Calculation of XIC Factors

The bending stress at fracture and the measured flaw depth
were used in KIC calculations. When the flaw could not be identi-
fied or accurately measured, an expected value for the flaw depth
was interpolated from the measured flaw length on the surface and
the average flaw depth/flaw length ratio determined among all
specimens. This interpolated value was then used to determine KIC.

Room Temperature KICd

Petrovic et a16 showed that the room temperature strength and
KIC values for flawed RS-130 Si3V4 specimens could be increased 30Z
by annealing the flawed specimens at over 11000C in air for 6 hours.
They attributed this increase to the elimination of residual stress-
-es at the flaw site; the plastic deformation caused by the diamond
indenter leaves the Imediate area in a compressive state. This
plastically strained region acts as a wedge in the crack, placing
the crack tip in a tensile stress state. This residual tensile
stress acts with any applied stress, and thus reduces the amount of
applied stress needed to reach a critical stress level. Annealing
the specimen eliminates this residual stress.

Specimens of NC-132 with flays were tested at room temperature
in two conditions. One set of specimens was tested in an unannealed
condition, while a second set was annealed in air for 4 hours at
11060 C. The KIC values for both sets are shown in Fig. 5. The 30%
increase in KIC values for the annealed specimens is in agreement
with Petrovic et &l. The KIC values at room temperature for the an-
zealid specimens are also in agreement with dynamic stress intensity
Smeasurements of ES-130 silicon nitride conducted at impact veloci-
ties of 1.3 x 104 cm/win by 4endiratta, Wimmr, and Bransky. 5

High Temperature KIC

This study tested the NC-132 specimens at 11000 C, 12500 C, and
14000 C. The computed critical stress intensity values are shown in
Fig. 5. The KC values for the annealed specimens tested at room
temperature anJ the values for umanneaed specimens tested at 11000 C
and 12500 C are constant near 5.25 R/ 12. These values are slight-
ly higher than the XIC values determined at similar temperatures by
Evans and Wiederhorn11 in double torsion and by Petrovic et a16 in
4-point bend for HS-130 Si3N4 .

The data in the room temperature to 12500 C range also agrees
with impact KIC data by Mendiratta at al.5 They tested KS-130 with
induced surface flaws. The impact velocity in that study was an
order of magnitude larger than this study; but the difference in

J
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Figure 5. KIC versus Temperature for Silicon Nitride (Error bars
Indicate Standard Deviation)

velocities is not apparent in the KIC values.

In tests at 14000 C the KIC value droped 20% to 4.25 4N/s 3 / 2 .

This is in marked contrast to the high temperature double torsion
and slow-bend data for RS-130. In those studies the K C value in-
creased by a factor of 3. But this increase was cause by slov
crack grovth. The researchers determined KIC using the flay depth
marked by the onset of catastrophic fracture. As Petrovic et al
pointed out, the depth dimension increased at 1300°C by a factor
of 10 by the slov crack growth mechanism.

At the faster loading rates characteristic of impact, this
slow crack grovth does not have time to occur. The f lew does not
grow, and the critical stress intensity does not increase.
Hendiratta et al tested their samples at a maxi== temperature of
1300°C and saw little change in KIC values compared to room tem-
perature values.

Thus the drop in K[C values for Si 3N4 at 14000 C under impact
loading has not been observed prior to this study. However, a

I~~ ~~ ------ wo Ii, .. . .
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drop in KIC at high temperatures under slow-bend testing was ob-
served by Petrovic at a17 in studies of hot-pressed silicon car-
bide. In that study silicon carbide, unlike silicon nitride,
shoved no signs of slow crack growth, even at the highest test
temperature of- 14009C. Petrovic and Jacobson theoriked that the
drop in KIC for silicon carbide at high temperatures was caused by
a change in the micromechanism of the fracture process. There was
a marked difference between SEN micrographs of the fracture sur-
faces broken at 14000C in vacuum and at room temperature in air.
They also theorized that a grain boundary phase rich in impurities
provided an easier path for brittle fracture at high temperatures.

This same theory is a possible explanation for the drop in KIC
for silicon nitride at 14000C under impact loading. The difference
in fracture surfaces noticed between samples broken at 12500 C and at
140°PC adds credence to this theory. A grain boundary phase con-
taining the hot-pressing additives is often cited as the source of
the grain boundary sliding which contributes to the slow crack
growth occurring over 12000 C. 1f'at 14000 C this grain boundary
region becomes significantly less viscous and much weaker, it will
provide an easier path for brittle fracture; and this would cause
a marked decrease in high-temperature strength even under impact
load.

V. CONCLUSIONS

The controlled surface flaw technique used.for slow bend tests
is also applicable to impact loading tests of ceramics. Using the
impact fracture load and the measured flaw dimensions, the dynamic
stress intensity factors can be determined.

Impact tests of NC-132 silicon nitride at high temperatures
show no sign of the slow crack growth seen in 4-point bend studies
at similar temperatures.

The fracture surfaces of the NC-132 impact specimens show de-
finable areas of the fracture regions of mirror, mist, and hackle.

Room temperature impact KX, values for the flawed NC-132 can
be raised by annealing the spec[men in air at 1100°C.

The impact KIC values in the region of ambient teperature up
to 1250 0C show a consistent value of roughly 5.25 N/=372 for
NC-132 silicon nitride.

There is a marked decrease of 20% in the impact K C of NC-132
at 14000 C. This decrease correlates with a change in fracture
surface, compared with specimens broken at 1250°C or less. This
indicates a change in the micromechanism of fracture at this ten-
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perature level. Thus the impact resistance of NC-132 silicon
nitride is not constant beyond 13000 C, but drops. This indicates
a temperature limitation for NC-132 in its consideration for high-
temperature gas turbines.
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I. INTRODUCTION

The use of hot-pressed silicon nitride (HPSN) in structural com-

ponents requires a knowledge of the ceramic's mechanical properties

across a wide range of temperatures and loading conditions. Research

on high temperature strength1"2 and creep resistance 3,4 of HPSN has

shown that the densifying agent (MgO, Y2 03 , CeO2 , A120 3 , etc.) used in

hot-pressing dramatically affects the high temperature strength proper-

ties. These densifying agents determine the charncter of the grain

boundary phase. Softening of the grain boundary phase at high tempera-

tures is cited3 ,5 ,6 as tho source of the grain boundary sliding, which

is the proposed deformation mechanism above 1200°C in both slow bend and

creep tests. The question of how the grain boundaries of HPSN react at

high temperatures to the high loading rates of mechanical impact and

thermal shock is important from both an engineering and a theoretical

viewpoint.

There is published work on impact tests of silicon nitride densi-

fied with magnesia.7'8 This research effort extended the high tempera-

tures impact studies to HPSN densified with ceria and zirconia as

compared to commercial HPSN (NC-132). Test bars of each type of HPSN

were impact loaded in three-point bend under isothermal conditions at

room temperature, 11000C, 12500C, 1325°C, and 14000 C. The use of the

controlled Knoop-flaw technique9 ,10 permitted the calculation of critical

stress intensity (IC) factors for each test condition.

II. EXPERIMENTAL

A. Materials

Three different types of PSN were obtained: a commercial magnesia-



doped HPSN with a density of 3.28 g/cm 3 , an experimental zirconia-

doped HPSN (designated Z-HPSN), and an experimental ceria-doped HPSNt

(designated C-HPSN). The experimental Z-HPSN contained 8 w/o monoclinic

3
ZrO2 and had a density of 3.22 g/cm . with 0.87. open porosity. The

experimental C-HPSN contained f lOw/o CeO2 and had a density of 3.32 g/cm
3

with a 0.6% open porosity. Specific information on the composition and

hot-pressing parameters of the NC-132 and the C-HPSN were proprietary.

The composition and hot-pressing of the Z-HPSN were similar to other

Z-HPSN billets described by Rice & McDonough. 1

Test bars (34.5 -m long and 3.0 m by 3.3 mm in cross section)

were cut with a diamond slicing wheel from each HPSN billet. The bars

were then successively surface lapped with a 240 mesh and a 600 mesh

SiC/wator slurry. The final surface finish was better than 20 RNS sur-

face roughness by stylus measurement.

The test bars were indented with a Knoop hardness indenter on the

plane perpendicular to the hot-pressing direction using a microhardness

tester with a micrometer stage and a controlled loading sequence (load,

hold for 20 seconds, release). A 2500 gram load was used for 90% of all

tested specimens. The indented flaw was oriented so the long axis was

perpendicular to the length of the test bar. The length was measured

with the graduated optical microscope on the microhardness tester.

NC-132, Material Ref. # H292949A3848, Norton Co., Worcester, NA.

Harbison-Walker Refractories, Gerber Research Center, Pittsburgh, PA.

Courtesy of Dr. D. Petrack.

tBillet SIN VR3-119, Naval Research Laboratories, Washington, D.C.,

Courtesy of Mr. R. Rice.

*TIKON Tester, Wilson Mechanical Instrument Div., American Chain & Cable,

New York, NY.
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B. Test Procedure and Test System.

Three-point bend impact loading of the test bars was done isother-

mally in air at room temperature, 11000, 12500, 13250, and 1400°C.

Tensile stresses in the test bar were in a plane perpendicular to the

hot-pressing direction of the HPSN. The test bar temperature was

measured by a thermocouple 10 mm from the center of the bar just prior

to impact. The test furnace was heated with molybdenum disilicide

resistance elements, with a heat-up time of 30-45 minutes.

The impact load was applied by a drop-weight impact fixture fall-

ing at a controlled velocity (45 cm/a). Stress rates for all tests were

on the order of 106 MN/m2s. The test bar was broken in the furnace, as

the nose of the impact fixture entered through a i" hold in the furnace

roof. Test bars were not subjected to significant thermal variations

spatially or chronologically during impact fracture. This was in con-

trast to instrumented Charpy tests with clam-shell furnaces or gas

burners for heating.

The impact fixture was fittod with a quartz peizoelectric load

transducer and a velocity transducer. Load and velocity signals were

recorded by two high-speed digital waveform recorders. The impact test

system with instrumentation was discussed in more detail in an earlier

publication.12

C. Annealing Procedure.

A number of test bars were annealed after the Knoop flaw was intro-

duced. This annealing was done between 7000C and 1100C. The test

bars were furnace cooled and fractured at room temperature. Specimens

were annealed in either air or a nitrogen-hydrogen mix (0.1. R2). The

-3-



furnace used for air annealing was a box furnace with silicon carbide

heating elements. The nitrogen/hydrogen anneal was done in a closed

tube furnace with silicon carbide heating elements. Both furnaces were

proportionally controlled within h 100 C as measured by an independent

thermocouple.

D. Fracture Surface Examination.

Both a stereoscopic microscope and a reflected light polarizing

microscope were used to examine the fracture surface and the fracture

flaw of each test bar. The stereoscopic microscope was used at 20X to

examine the general fracture surface and to locate the fracture flaw at

50X. For accurate flaw measurement, a reflected light microscope was

used with a calibrated filar eyepiece at 300X.

The time involved in specimen preparation and observation and the

economic costs of equipment time prevented a scanning electron micro-

scope (SEM) study of all 145 fracture specimens. However, one specimen

from each group of specimens tested at a particular temperature was pre-

pared and analyzed with the SEM*. The fracture surface was examined at

t1000X and i50O0X close to the fracture source, looking for evidence of

intergranular and transgranular fracture. The tensile surface of the

test bar was also examined in the SEN at f2000X. Here the surface was

studied for the surface finish after final grinding and for oxidation of

the tensile surface during annealing or high temperature testing.

III. RESULTS AND DISCUSSION

A. Character of Load-Time Trace.

A typical load-time trace is given in Figure 1. The traces for all

Odel S4, Kent Cambridge Instruments, Cambridge, England.
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the tests showed a range of loading times (Point A to Point B in Fig. 1)

of 200 to 600 microseconds and a range of fracture loads of 100 to 600

Newtons. The magnitude of the loading time and fracture load for each

test bar depended on the bend strength and cross section geometry of the

individual test bar. The shape of the load-time traces between Point A

and Point B were generally linear. In many cases small scale oscillations

were observed with a wavelength of 25 to 50 microseconds and a magnitude

of less than 10% of the final fracture load. The most likely source of

these .oscillations would be vibration of the test beam itself under the

initial impact loading. A calculation of the natural frequency of vibra-

tion for a supported beam and a free beam at room temperature with the

characteristics of HPSN gave lst and 2nd harmonics which bracketed the

frequencies of the observed oscillations. A study of other vibrations

sources such as stress wave reflection in the test bar or in the impact

nose gave vibration frequencies which were significantly smaller or

longer than the observed oscillations.

In all tests the load-time trace showed no indication of slow

crack growth in the form of a load plateau or a gradual drop in load.

The drop in load at fracture (Point C in Fig. 1) was consistently 10 to

15 microseconds in duration. That 10 microsecond duration was identical

to the response time of the quartz load cell and the associated electron-

ics.

B. Flaw Measurement and Evaluation.

The Knoop flaws on the NC-132 were identified and measured with the

reflected light microscope. Flaw data are given in Table I. It was

difficult to identify the flaws on some specimens tested at 12500C or

higher because of oxidation of the fracture surface after fracture. All
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flaws were semi-elliptical in shape and all these specimens fractured at

the flaw. The range of flaw dimensions on NC-132 as a function of Knoop

load is shown in Fig. 2. The dimensions of Knoop flaws in NC-132 from

Petrovic et al. 9 are in good agreement with those observed in this study.

In measuring the flaw dimensions on the NC-132 test bars frac-

tured at successively higher temperatures, the data show no increase in

measured flaw depth or width with increasing test temperature. This is

in marked contrast to the work in slow bend tests of HS-130 HPSN by

Petrovic et al. 9. They observed crack growth in all tests above 12000C;

at 13000C, the Knoop flaw grew by a factor of 10 before catastrophic

failure. They also noted a decrease in slow crack growth at high

temperatures with increasing crosshead speed. The fastest crosshead

speed in the Petrovic study was 0.5 cm/min. With the impact nose velocity

of 2700 cm/min used in this study, the lack of slow crack growth in the

NC-132 at high temperatures is a reasonable observation.

The flaws on the Z-HPSN were identified and measured as shown in

Table I. Twenty-two of the 25 Z-HPSN test bars fractured at the Knoop

flaw. The other three test bars fractured from corner flaws which might

have been caused by the surface finishing operations. None of the 13

test bars fractured at 11000 C or higher showed any sign of slow crack

growth.

The Knoop flaws on the C-HPSN were difficult to identify and

measure, as shown in Table II. This difficulty was caused by the coarser

fracture surface of the C-HPSN; the flaws did not "stand out" under the

microscope as they did on the other two materials. Many test bars of

C-HPSN did not break at the Knoop flaw when tested above 11000C. Of 12
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test bars fractured at 1100°C or higher, eight broke at flaws other than

Knoop flaws. In two cases the fracture flaws were clearly identified as

oxidation pits. The possibility of slow crack growth in the C-HPSN

could not be clearly evaluated. Although the two specimens tested at

14000C had flaws 307. larger than room temperature specimens, this number

is too small to draw a firm conclusion about slow crack growth.

C. Calculation of KIC.

The Knoop hardness indenter introduces a semi-elliptical surface

crack on the tensile side of the bend specimen. This surface flaw will

grow catastrophically when the stress intensity at the flaw reaches a

critical value. According to fracture mechanics theory, the stress

intensity factor for a semi-elliptical surface flaw in bending is given

by9,
1 3

KIC n 7flO a/Q)

where a f is the outer fiber tensile stress at fracture, M is a numerical

factor related to flaw and beam geometry, a is the depth of the semi-

elliptical flaw, and Q is given by:9'1
3

Q - § - .212 (af/lays )2 (2)

where a ys is the tensile yield stress of the material and .212 (a f/ays)

is a plastic zone correction factor. The value of a is so much largerys

than a f that this plastic zone correction factor is disregarded.14  The

term is the elliptical integral:
13

- c2 "a2  sin ) (3)~2
o c
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which is tabulated in standard mathematical tables. The term c is the

major axis of the semi-eliptical flaw.

The value for M was taken as 1.03, based upon bend tests by

Petrovic et al.9 on silicon nitride. Hung 15 used a value of 1.01 for

test bars of silicon carbide of identical geometry to the test bars in

this study. The difference in the two values of M does not introduce an

error greater than that expected experimentally.

D. Room Temperature Strength & C"

1. NC-132.

The NC-132 was tested at room temperature in three conditions --

no Knoop flaw, a 1000-g Knoop flaw, and a 2500-g Knoop flaw. The test

data are given in Table II. As expected, the specimens with no Knoop flaw

had the highest strength -- 990 MN/m2 with a 127. variation among the four

tests. This strength is higher than the strengths reported for NC-132

by other sources -- 867 MN/rm with 12% variation from the same billet by

2 1
the manufacturer, 827 MN/m2 with 127. variation by Larsen and Walther

and 614 MN/m2 with 14% variation by Petrovic et al.9  However, each of

these tests had different surface finish parameters: Norton -- 8 RMS

with a 320 grit diamond wheel, Larsen and Walther -- 12 RMS, and

Petrovic -- 20 RMS. These differences in surface finish would account

for the variation between observed bend strengths.

The surface finish was examined with the scanning electron micro-

scope (SEM). The surface showed very few longitudinal scratches. The

majority of flaws were pits formed by grain pullout and spalling. These

pits were 1-10 microns in width and depth. They were similar to the

flaw types observed on HPSN by Kossowsky 
1 6 , Kiehle et al. 17 , and Rice1 8
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The room temperature fracture surface showed both equiaxed and

prismatic grains in the 1-5 micron size range. Fracture was a mixture

of m 30% transgranular and 707. intergranular.

The strength with the 1000-g and 2500-g flaws was less than the

unflawed strength, as would be expected. The strength of the 2500-g

flawed specimens (365 MN/m2) compared well with the bend strengths for

NC-132 test bars with 2600-g flaws (329 MN/m2 ), tested by Petrovic etal.

The K values at room temperature are also given in Table II.

The results obtained with a 2500-g flaw, 3.76 MN/m 3 / 2 , compare well with

Petrovic's9 value of 3.6 MN/n/2

2. Z-HPSN.

The Z-HPSN was not tested in the unflawed condition because of

a shortage of material. The room temperature tests (Table III) gave

bend strengths and KC values very close to those of the NC-132. Tests

done by the fabricator showed bend strengths of 620 MN/m2 at room tem-

perature with an unspecified surface finish.

The surface flaws were again similar in size and shape to the

"grain pull-out" flaws of the NC-132. The fracture surface showed a

mixture of prismatic and equiaxed grains ranging in size between 1 and

10 microns. Fracture was more transgranular (50%) than observed on the

NC-132.

3. C-HPSN.

The C-HPSN was tested in both the unflawed and Knoop-flawed

condition (Table IV). The unflawed specimens had an average strength

2 1
of 757 MN/m . Larsen and Walther19 have tested material from the same

source and found a room temperature 4-point bend strength of 530 MN/m
2 --

-9-

UMO-



30% lower than that observed in this study. They mention the possibility

of large isolated inclusions/pores or larger grain size as possible

causes for the lower observed strengths as compared to NC-132.

The effect of surface finish must also be considered. The C-HPSN

was polished with the 600-mesh SiC in the same manner as the NC-132.

An SEN study of the surface showed fan-shaped regions of spalling 40 to

50 microns in width and length (Figure 3). These spalled regions were in

marked contrast to the uniformly scattered 5-micron pits on the NC-132

surface. This difference is a possible explanation for the difference

in strength for unflawed specimens between the two types of material.

In contrast to test results on the unflawed specimens, the

strength of Knoop-flawed C-HPSN was 257. higher than the strength of

Knoop-flawed NC-132. Differences in Knoop flaw dimensions were too

small to account for the difference in fracture stresses. However, a

study of the C-HPSN fracture surface showed a much more fibrous texture

with a majority of thin prismatic grains 1-10 microns in length.

Fracture was primarily intergranular with very little transgranular

fracture. The prismatic grains looked as if many had been pulled out of

the matrix.

Lange20'2 1 had previously observed that hot-pressed silicon nitride

had a "strong" and a "weak" direction. He related this difference to the

mixture of equiaxed and prismatic grains. A greater percentage of pris-

matic grains gave a "fibrous" fracture surface and an increase in
22

strength. Himsolt et al. confirmed this observation and added that

extended sintering times caused increased prismatic grain size and a lower

bend strength.

These grain morphology and size effects are a possible explanation

for the higher strength and KC at room temperature for the C-HPSN versus
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the NC-132. The possibility of greater grain boundary strength must

also be considered, as mentioned by Himsolt. 22 The observed strength

of HPSN may be dependent in part on the intrinsic strength of the phase

at the grain boundaries and how that phase bonds to the silicon nitride

grains. Ceria-doping of silicon nitride may provide a stronger inter-

granular phase than that produced by magnesia-doping.

9,23
Petrovic et al. observed that the room temperature of KC

values obtained for HPSN with a Knoop flaw were lower than those observed

6
in double torsion tests by Evans and Wiederhorn. Petrovic annealed the

Knoop-flawed specimens in air and in a low oxygen potential atmosphere

at 1200°C and 14000 C. In subsequent fracture at room temperature the

annealed specimens had much higher KC values. Petrovic et al. theorized

that a residual stress relief mechanism and an oxidation flaw healing

process were the source of the increase in strength and KC. A similar

annealing study was done on the three varieties of hot-pressed silicon

nitride in this study.

E. Annealing Effects on Room Temperature Strength and KC.

A study of annealing effects on the room temperature strength and

KC of NC-132, C-HPSN, and Z-HPSN was done. The NC-132 and Z-HPSN were

annealed at 1100°C in air and also in a nitrogen-0.l% hydrogen atmosphere.

The C-HPSN was test annealed in both atmospheres and also across a range

of temperatures -- 7000, 9000, and 11000C. This was done because the

prior high temperature fracture tests of the C-HPSN showed greater

oxidation than the other materials. It was felt that this heavy oxi-

dation layer on the C-HPSN would have a strong effect on the surface at

lower temperatures.
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The NC-132 was annealed in the conditions tabulated in Table II.

The bend strengths and KIC values are also given in that table. The

increases in strength and KIC match the annealing effects observed by

Petrovic et al.9 in slow bend tests and by Mendiratta et al.7 in drop-

weight impact tests. The increase in KIC to the 5.25 MN/m3 / 2 range

compares well with the room temperature K values determined in double

torsion by Evans and Wiederhorn for HS-130 (4.7 M/M3 /2) and also by

Larsen and Walther1 for NC-132 (5.25 MN/m3/2).

The IC value obtained for the NC-132 annealed in the N2 /H2 mixture

is slightly less than that obtained by annealing in air. However, a com-

parison of the tensile surfaces of the differently annealed specimens

showed that the surface of the N2/R2 annealed specimen had an oxide layer.

That oxide layer was similar in appearance to the oxide layer of the air-

annealed specimen. Both surfaces showed a base layer with white,

prismatic crystals growing on the base layer. The N2 /H2 oxidation layer

was thinner and contained fewer and smaller prismatic crystals. A cal-

culation of the oxygen activity in the N2/H2 mixture (based on H2/H 0

equilibrium) gave an oxygen partial pressure of 10"15 atmospheres at

11000C. The surface had oxidized even at this low oxygen partial pressure.

The LC values were equivalent for both the air and the N2 /H2 an-

nealing conditions. The mechanism of strength improvement over the

unannealed flawed specimen cannot be clearly assigned to either the

residual stress relief process or the oxidation healing process.

Petrovic et al.2 3 found evidence for both mechanisms. Work by Ziegler24

on the healing of Knoop flaws in magnesia-doped hot-pressed Si3N4 showed

a marked increase in strength after a 1-hour anneal at 12000C. He

postulated that the Knoop crack is healed by the formation of cris-

tobalite and magnesium silicates on the surface above 9000 C and by
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viscous flow of the glass phase at higher annealing temperatures.

The Z-HPSN was annealed in the conditions tabulated in Table III.

The strength and KIC values increased by 607. for specimens annealed in

air and by 287. for the specimens annealed in the N2/i2 mixture. This

difference in strength improvement contrasts with the equal strength

improvement seen in NC-132 in the two different atmospheres.

A comparison of the oxidized surfaces of the two annealed speci-

mens showed the same oxidation pattern as seen in the NC-132. The

air-annealed and N2 /H2 annealed surfaces have similar morphologies;

however, the N2/H2 annealed surface is less extensively oxidized. The

similarities in annealing conditions and oxidation morphology between the

Z-HPSN and the NC-132 do not explain the differences in strengths. This

may reflect back on different properties of the oxides formed on the two

materials. The presence of zirconia-based compounds may heal cracks less

effectively.

None of the annealed Z-HPSN specimens broke at corner flaws or

oxidation pits. However, it was more difficult to identify and measure

the flaws on the annealed specimens as compared to the unannealed speci-

mens. This is circumstantial evidence of oxidation in the Knoop flaw.

The C-HPSN was annealed in the conditions tabulated in Table IV.

Annealing in air at 7000, 9000, and 10000C universally increased the

strength by 50% but with a great deal of data scatter. There was no

dependence on the temperature. Annealing in the N2 /H2 mixture showed a

slow increase in strength and KC at 7000 C and 9000C with a rapid increase

to the air-anneal values with an 1100°C anneal. This distinction (tem-

perature dependence in the N2/H atmosphere and no temperature dependence

in air) again raises the question of what mechanisms are predominant at a

given temperature.
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Lange and Davis 25 observed that compressive stresses were

developed in the oxidation layers of CeO 2-doped HPSN at temperatures

between 4000C and 9060C. These compressive stresses raised the apparent

strength. However, at the higher temperatures and after longer expo-

sures the oxidation layer spelled and degraded and the strength dropped

off rapidly.

A study of the surfaces of the 700C annealed specimens shoved no

sign of oxidation under the SEX. Yet the two specimens shoved markedly

different strengths -- 902 MNu/m for the air anneal and 546 M/m 2 for

the nitrogen anneal. The measured flaw size on both specimens was 60

microns by 170 microns. Whether this strength difference depends on

compressive stresses, crack healing, crack blunting, or residual stress

relief cannot be determined.

In comparing the surfaces of the two C-HPSN specimens annealed at

11000 C in air and N /H.2 , similar oxidation layers were observed -- a

smooth base layer with white "button" growths on the surface. Again the

N annealed surface had a less extensively oxidized surface but with

similar morphology. on both surfaces the pitted, spalled character of

the underlying as-ground surface could still be seen.

There was difficulty in identifying the Knoop flaws on the annealed

specimens. This difficulty, the limited number of specimens broken, and

the question of what strengthening mechanisms are active limits the

validity of the Kcvalues for the annealed specimens. They should be

considered as indicators of trends rather than firm values.

None of the annealing work was done at high enough temperatures or

long enough times for pitting or bubbles to form in the oxide surface, as

observed in other oxidation studies. 26The mechanisms which could effect
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the strength and the flaws would be limited to residual stress relief,

crack healing and blunting, and imposed compressive stresses from oxide

layers. The different effects of annealing at various temperatures, times,

and atmospheres upon each type of HPSN again shows that the densifying

additive has profound effects on the oxide layer (amount, morphology,

inherent strength, adhesion to the base material, and growth kinetics).

F. High Temperature Strength and KC"

All the HPSN materials tested at high temperatures (1100 , 1250° ,

13250, and 14000O showed similar patterns for the fracture strength and

KC values for impact as the temperature was raised. At 11000 and 1250°C

the values for each material were at the same level or slightly higher

than the values observed in the room temperature tests of the annealed

material. Between 1250°C and 14000 C the fracture strength and K, values

for impact loading dropped by 10-20.. None of the materials showed

indications of slow crack growth in any high temperature test.

The strength and KIC high temperature data for NC-132 are given

in Table II. Values for these parameters across the 1100°-1250 0 C range

are constant and agree with the room temperature tests of the annealed

specimens (Figures 4 and 5).

Tests on NC-132 by Larsen and Walther1 in 4-point slow bend showed

a drop in strength at 120 0 C as compared to room temperature. This drop

in strength under slow bend conditions at 1200°C is common for magnesia-

doped HPSN. Across the 1250 0C-1400°C range the impact strength of

NC-132 in this study dropped (177. to 423 MN/m 2). The 4-point bend strength

on polished (12 RMS) NC-132 at 1350°C is 360 MN/m 2 , as reported by Larsen

1and Walther . The fact that a specimen with a 60 micron deep flaw is 16%

stronger under impact than a similar specimen with no Knoop flaw under slow

bending shows how important the strain rate is in determining strength.
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II

The drop in slow bend strength at high temperatures is generally

attributed to slow crack growth by grain boundary sliding. Under impact

loading there is insufficient time for the plastic deformation mechanism

(grain boundary sliding) to operate. This view is supported by the fact

that no signs of slow crack growth in the NC-132 were observed at high

temperatures. The measured depth of the Knoop flaws was in the 60 micron

range for all specimens.

This strain rate effect on strength has been observed by Lange and

Iskoe5 . They noted that in tests of HS-130 above 1300°C the fracture

stress increased as the load rate increased. At 13000C an increase in

load rate from 10 MN/m2 -min. to 1000 MN/m2 -mn increased the fracture

2 2
stress from 280 MN/m to 450 MN/m

7
Mendiratta et al. conducted drop-weight impact tests on HS-130

with Knoop flaws at 1300°C and at room temperature (after annealing).

The drop-weight velocity was 13,000 cm/min. They observed equal strengths

at room temperature and 13009C (550 MN/m2 ) with no signs of slow crack

growth. That study did not test above 1300°C.

An obvious oxide layer formed on the tensile surface of all the

M-HPSN specimens tested at high temperatures. It might be expected that

the properties of that oxide layer might change with increasing tempera-

tures and have different effects on the Knoop flaw. However, all the

NC-132 test bars broke at the Knoop flaw and the standard deviation of the

strength data was no larger (57. on average) than the standard deviation on

the room temperature data. The oxide layer did not seem to have an in-

creasing blunting effect at higher temperatures (considering that all

specimens were broken within 45 minutes of placement in the furnace). The

Knoop flaw remained the largest active flaw on the specimen surface at all

temperatures.
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An SE study of the oxide formations on the tensile surface of

specimens tested at various temperatures shoved oxide formations similar

to those observed by Kiehle et al.1 7 in their controlled oxidation

studies on Norton 1S-130 HPSN at similar temperatures. Kiehle et al.17

first observed the formation of an amorphous silica layer at tempera-

tures above 750 C. At long holding times at that temperature or at

higher temperatures (10000C) the silica layer devitrified to cristobalite

(Si02). Above 1000°C magnesium and calcium silicates formed as needle-

like crystals. The growth of those crystals increased with higher

temperatures and longer times. Above 13500 C the Hg-silicate (enstatite)

was observed to grow as rapidly as the cristobalite. Similar observa-

tions were made by Singhal27 in oxidation of silicon nitride from 1100

through 14000C.

Studies were made of the fracture surfaces of the NC-132 specimens

broken at high temperatures. In all cases an oxide layer formed on the

fracture surfaces immediately after fracture, regardless of how quickly

specimens were removed from the furnace. This oxidation obscured the

fracture surface and prevented evaluation of the mode of fracture --

transgranular or intergranular.

The critical stress intensity of NC-132 under impact was

5.25 /m 3 /2 at 1100°C and 1250°C. This Is comparable to the room tem-

perature 1C of annealed specimens. It agrees well with the double

torsion tests on NC-132 at room temperature by Larsen and Walther
1

3/2
(5.25 MN/m with 18% variation).

Above 1250°C the impact K.C for NC-132 drops 5% at 1325°C and

15% at 14000C. This drop in KC reflects back to the drop in fracture

stress at these temperatures and the consistent flaw depth (60 microns).
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Mendiratta et al.7 observed a KIC observed a KCC of 5.5 MN/m31 2 for

impact tests of HS-130 at 1300°C, just slightly higher than the room

temperature KC for their annealed specimens. This is in marked contrast

to slow-bend tests in which KiC increases dramatically with higher

temperatures1 ,9 as the grain boundary sliding process begins to operate.

That process is an energy-absorbing mechanism which would be included

among all the energy sinks considered in the effective fracture surface

energy -- Yi, where Yi is related to KIC by

KIC - 2 i E/(l-v 2)) (4)

where E is the elastic modulus and v is Poisson's ratio.

Since the plastic deformation/grain boundary sliding process

doesn't have sufficient time to occur, the effective fracture surface

energy is not increased by the plastic work associated with grain

boundary sliding. Any reasonable change in Poisson's ratio would be

too small to cause a significant decrease in KC. Either the elastic

modulus must decrease or the fracture surface energy must decrease to

cause a decrease in KC.

If the observed decrease in impact KC at the 14000 C temperature

is strictly a function of a decrease in elastic modulus, then the 15%

K decrease would be caused by a 27. decrease in elastic modulus. This

calculated decrease in elastic modulus at 14000C is less than the 43%

decrease in secant modulus observed in 13500C slow bending of NC-132 by

Larsen and Walther'.

The decrease in secant modulus at high temperatures, however, is

a function of the viscoelastic grain boundary. Larsen and Walther also
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tested reaction-bonded silicon nitride (RBSN) under identical conditions

and observed a much smaller decrease in secant modulus (5% from room

temperature to 15000C). The RBSli does not have the grain boundary phase

as a bonding agent between the silicon nitride grains.

In addition to changes in elastic modulus, a drecrease in the

effective fracture surface energy is also possible. A decrease in the

surface energy of the grain boundary material, less crack branching, or

a change in the mode of fracture would all decrease the effective

fracture surface energy. Such changes might manifest themselves as

changes in the fracture surface. However, the oxidation of the fracture

surfaces above 12500C prevented any analysis.

Strength and KC data for the Z-HPSN are given in Table III and

Figures 4 and 5. The Z-HPSN had higher strengths than the NC-132 at all

temperatures. Those strengths had standard deviations not much larger

than those observed for the NC-132 strengths. The Z-HPSN test bars also

tended to break consistently at the Knoop flaw.

An SEM study of the oxide layer on the tensile surface of the

Z-HPSN showed a similar silica-like base layer, as seen on the NC-132.

On that base layer white "buttons" of material formed at 11000C and

were larger with higher test temperatures. No needle-like crystals were

seen on the Z-HPSN at any temperature.

29Hampton and Graham did oxidation studies of zirconia-doped

silicon nitride at 1400°C. Their studies showed two components in the

oxide layer: cristobalite and a Si-Zr-O compound containing matrix

impurities. They did not describe the morphology of the oxide layer.

The fracture surface of the Z-HPSN tested at 11000C did not

oxidize as extensively as the NC-132. The mode of fracture at 11000C
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was a mixture of transgranular and intergranular fracture. Fracture

surfaces at higher test temperatures were again too heavily oxidized to

study.

The critical stress intensity of the Z-HPSN dropped 35% across

the 1250°-14000 C range. This change was larger than that observed in

the NC-132. However, the Z-HPSN KC value at 1400°C (5.9 MN/M 3 / 2 ) was

still 307. higher than the NC-132 KIC value (4.46 MN/m 3 / 2 ) at the same

temperature.

The Z-HPSN showed firm indications in this study of being a

stronger material in impact than the NC-132. This contrasts with work

by Larsen and Walther 19 in which Z-HPSN obtained from the same source

was weaker in 4-point bend than NC-132 at both room temperature and

15000 C. This difference way depend on different responses to impact

versus slow loading for the two materials. A more likely explanation

would be differences between the two Z-HPSN billets. It was not deter-

mined if the Z-HPSN billet in this study and that of Larsen and

Walther's study were identically fabricated.

Based on the results of this study it is hypothesized that the

same mechanisms of fracture operate in both the Z-HPSN and NC-132. The

temperature dependence of the strengths for the two materials are

similar and differ only in magnitude. The differences in magnitude may

depend on the different chemical character of the two grain boundary

phases. A second possibility is a dependence on grain size, although

the SEM study of the room temperature fracture surfaces showed larger

grains in the Z-HPSN.

Strength and K high temperature data for the C-HPSN are given

in Table IV and Figures 4 and 5. These values show the same pattern as

the temperature increases as observed in the NC-132 and the Z-HPSN.
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An important difference between the C-HPSN and the other materials

was that many of the C-HPSN specimens fractured did not break at the

Knoop flaws. This was apparent from studies of the fracture surfaces

and the much larger standard deviations in strength and Kc values for

the C-HPSN. Thus it cannot be assumed that the C-HPSN is stronger than

NC-132 at higher temperatures. The valid comparison is that when identi-

cal flaws are introduced on NC-132 and C-HPSN, the C-HPSN has 30% higher

strengths at 11000C and 12500 C. It is theorized that the oxide layer

forming on the C-HPSN changes the flaw character and affects the apparet

strength. At 14000 C the NC-132 and C-HPSN have equivalent strengths;

the drop in strength for the C-HPSN across the 1250°C-14000C range is

more severe than the same drop in NC-132.

High temperature slow-bend tests on Ceria-HPSN by Larsen and

Walther19 showed a similar strength-temperature dependence to that seen in

NC-132, namely, a large decrease in strength above 12500 C. At 15000 C the

strengths of the NC-132 and the Ceria-HPSN were equivalent in slow bend--

2
180 MN/m

The oxidation on the tensile surfaces of the C-HPSN were very

similar in morphology to the oxidation on the NC-132. The only differ-

ence was that small white "buttons" of oxide were observed on the 12500 C

surface of the C-HPSN, rather than the needle-like crystals. At 14000C

the C-HPSN oxidation did show the needle-like crystals. Lange30 observed

that all the cerium compounds in the Si3 N 4-SiO2-Ce203 system oxidize at

relatively low temperatures to CeO 2 and SiO2. The same observation was

made by Mah, Mardiyasni, and Ruh 3 1 .

The variability of the fracture flaws puts severe restrictions on

the evaluation of KC for the C-HPSN. The number of flaws from which
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KIC could be calculated was limited. The identification and measurement

of the flaw dimensions was much more difficult than on the NC-132. The

YC values determined for the C-HPSN are higher than the comparable

NC-132 values, but this may be dependent on major differences in flaw

character (size, healing, blunting) rather than inherent differences in

strength or KIc"

The drop in Yc for C-HPSN at 1400 C follows the same trend

observed in NC-132. This may reflect again on temperature changes in

the character of the grain boundary phase. As with the NC-132, excess-

ive oxidation of the C-HPSN fracture surfaces at high temperatures

prevented analysis of the mode of fracture.

Overall, the factors controlling the fracture strength and the

"C for all these materials are the same for impact and for slow bend--

the size and condition of the critical flaw and the temperature

dependent strength characteristics of the grain boundary phase. These

materials are two-phase materials and this factor is critical in both

theoretical analysis and experimental results. Up to 1250°C,oxidation

on the tensile surface affects the surface flaws by healing or blunting

or compressive stresses. The effect of that oxide must be considered in

terms of the inherent strength, the molar volume changes, the way the

oxide bonds to the surface, and the elastic modulus of the oxide. All

these characteristics are strongly dependent on the oxide chemistry of

the densifying agent and residual impurities, the oxidation temperature,

and the exposure time.

Above 1250°C, the character of the grain boundary phase becomes

critical, because at these higher temperatures the viscosity, the

cohesive strength, and the fracture mechanisms in the grain boundary
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phase change. All these properties are dependent again on the densify-

ing agent and residual impurities.

Each different additive-silicon nitride system must be considered

in this framework. The strength below 12500C will depend on the effect

of oxidation on the surface flaws. Above 12500C additives which form

more refractory compositions at grain boundaries or eliminate grain

boundary phases entirely will exhibit better high temperature strength.

IV. CONCLUSIONS

Room temperature impact tests of the four materials with the

2500-g flaw indicate that the ceria-HPSN is the strongest material in

impact, followed by the zirconia-HPSN and by the NC-132.

Annealing in atmospheres of varying oxygen potential and at

various temperatures raised the room temperature impact strength and

KIC of all the materials. Although residual stress relief mechanisms

may play a role in this strengthening, oxidation effects seem more

critical. Each material oxidized differently in terms of morphology

and severity. The oxide layers had varying effects on Knoop flaws --

the oxide on the C-HPSN "healing" the flaw and the oxides on the NC-132

and the Z-HPSN blunting the flaw.

At testing temperatures of 11000C and 12500C each material was

as strong and had similar KC values in impact as observed for the

annealed room temperature test specimens. No slow crack growth was

observed on any specimen tested at these temperatures.

Above 12500C the NC-132, the C-HPSN, and the Z-HPSN all showed

decreases in impact strength and impact KC of 157. to 307. at the 14000C

level. The Knoop flaws in these high temperature tests again showed no
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pattern of slow crack growth; this drop in strength and KC under

impact is hypothesized to depend on the change in cohesive strength

and/or fracture mechanisms of the intergranular phases at these higher

temperatures.
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TABLE I

Measured Flaw Dimensions for 2500-g Flaw on Various HPSN

Depth - a Width - 2c Number of
Sample/Test (microns) (microns) Tests
Conditions Av. % S.D. Av. % S.D.

NC-132
Room Temperature

No Anneal 66 2 157 3 4

Anneal - 110°C

Air - 2 hrs. 69 4 161 3 4

Air - 4 hrs. 69 14 163 2 4

N2/H2 - 2 hrs. 63 5 155 1 4
lO0C 65 11 164 12 8

12500C 66 6 159 6 5

13250C 70 8 160 8 8

1400°C 69 12 165 10 8

Z-HPSN

Room Temperature

No Anneal 60 8 157 4 3

Anneal- ll00°C

Air- 2 hrs. 58 5 158 5 3

N2 / 2 - 2 hrs. 58 5 157 5 3
1100°C 58 10 157 5 3

1250PC 52 7 155 5 2
13250C 56 11 160 6 4
1400°C 66 14 167 5 4

C-HPSN

Room Temperature

No Anneal 66 7 173 5 4

All Air Anneal 60 12 171 10 5
All N2 /1 2 Anneal 59 13 163 6 6

1100°C 80 -- 200 -- 1

125oC 70 -- 165 -- 1

14000 C 105 7 275 28 2



TABLE II

Bend Stress and KCfor Impact Loading of NC-132

Test/SaMle Condition Bend Stress 001/32) ___ MM 3/2 Numbe
w~ . of Tests

Aver. % .. Aver. % S.D.

Room Temp. No Anneal

No Flaw 991 12 -- -- 4

1000 gFlaw 471 4 4.17 2 2

2500 g Flaw 365 6 3.76 6 4

Room Temp. Annealed 1100 0

2500 g Flaw

Air - 2hrs. 550 6 5.73 6 4

Air -4 hrs. 530 5 5.48 3 4

N H2- 2 hrs. 515 3 5.25 2 4

1100C - 2500 g Flaw 503 7 5.15 6 8

12500C

1000 g Flaw 600 -- 4.90 -- 1

2000 g Flaw 570 7 5.37 8 5

2500 g Flaw 509 3 5.22 4 5

01325 C- 2500 glaw 482 4 4.98 3 8

1400 0C - 2500 g Flaw 423 3 4.46 6 8



TABLE III

Bend Stress and KC for Impact Loading of Z-HPSN

Test/Sample Condition Bend Stress M/m 2 )  KTC(MN/m 3 / 2 ) Number

Aver. %S.D. (#) Aver. ZS.D. of Tests

Room Temp. - 2500 g Flaw

No Anneal 382 10 3.89 11 3

Anneal in Air
11000C - 2 hrs. 629 16 6.41 18 3

Anneal in N2/H 2
11000 C - 2 hrs. 488 14 4.96 11 3

1100C - 2500 g Flaw 728 5 4 7.54 5 3

12509C - 2500 g Flaw 774 2 4 7.92 5 2

1325 0C - 2500 g Flaw 646 8 6.44 7 4

1400C - 2500 g Flav 561 5 5.90 2 4



TABLE IV

Bend Stress and for Impact Loading of C-HPSN

Test/Sample Condition Bend Stress (M/m2) K3/2N

2 Number
Aver. 7. S.D. (#) Aver. 7. S.D. of Tests

Room Temp. No Anneal

No Flaw 757 1 -- -- 2

1500 g Flaw 569 5 5.03 3 2
2500 g Flaw 489 1 5.20 2 4

Room Temp. 2500 g Flaw

Annealed 1 Hr. in Air

700°C 800 18 2 10.2 -- 1

900°C 861 1 8.89 1 2

llO0C 770 14 7.86 10 2

Annealed 1 Hr. in N
700°C 532 4 5.60 6 2

9000 C 556 10 5.58 5 2

11000C 754 2 7.74 1 2

11000C

1500 g Flaw 723 - 7.97 -- 1

2500 g Flaw 699 4 3 8.39 -- 1

1250°C

1500 g Flaw 593 - 6.47 -- I

2500 g Flaw 654 11 7.42 2 3

1400° -- 2500 g Flaw 455 20 6.40 12 3
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